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SEVENTH REPORT OF THE COMMITTEE ON CONTACT 
CATALYSIS* 
ENZYME CATALYSTS 


BY E. F. ARMSTRONG AND T. P. HILDITCH 


It has been the practice in these reports, whilst indicating the general 
progress in the knowledge of contact catalysis, to stress certain aspects of 
the subject in particular. For many of us, the ultimate aim of our strivings 
to understand the phenomena of nature is to gain some clearer understanding 
of the facts of life as portrayed by the chemical actions in the living cell. 
It has long been appreciated that, in such, catalytic agents play a leading, if 
not all-important, part and it is proposed therefore in this report to take stock 
of our knowledge of the catalysts of the cell. 

The parallelism between inorganic catalysts and those involved in 
metabolic processes has been the subject of remark for rather more than a 
century. At times it has been held by some that the two divisions of chemi- 
cal action have little or nothing in common beyond certain superficial re- 
semblances; others have maintained the opposite view, and believed that 
fermentation and inorganic catalysis were varying instances of the same 
mode of operation of chemical activity. We are concerned at the moment 
rather to examine in some little detail various aspects of either class of phe- 
nomena in order to define with some clarity points of resemblance or of 
dissimilarity. 

From the point of view of the chemist, vital changes are a series of bal- 
anced actions, generally reversible, following one after the other, which are 
only very crudely expressed by the chemical equation indicating the initial 
and final products of the reaction. Few, other than those who are really 
wedded to this field, realise how very delicate this balance is and how elab- 
orate is the mechanism which is controlled apparently by those subtle agents 
for which the general name ‘‘enzymes”’ is used. These, the catalytic agents 
of protoplasm, determine the sequence and the magnitude of the molecular 
changes which distinguish living from dead matter and which include the 
biological synthesis of compounds, complicated or relatively simple, from 
carbon dioxide, water and nitrogen, and also actions of decomposition, for 
example, hydrolysis, oxidation (combustion) or reduction. 

Apart from the complexity of the changes which proceed in the living 
cell, the fact that the study of these actions has been prosecuted most often 
from the point of view of physiology or pathology has involved a viewpoint 
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distinctly different from that of the student of the more conventional catalytic 
actions. In consequence it is not too easy to detect, in the extensive literature 
on enzyme action, information which is pertinent to the general question of 
the behavior and function of the actual catalyst. Re-direction of research 
on enzyme action in the sense indicated, and in the light of modern work on 
contact actions at the surface of inorganic catalysts, is important not only 
with reference to the development of biochemistry, but also in its possibilities 
as regards more frequent utilisation of enzymes in the field of applied organic 
chemistry. The recent advances in the biochemical production of butyl 
alcohol, acetone, glycerol, aldehyde, and lactic acid can undoubtedly be 
supplemented by those of other compounds; as is well known, there is scope 
for improvement and modernisation in the bacterial production of butyric 
and of citric acids, both of which are in increasing demand. 

Our exact knowledge of the factors which affect the activity of enzyme 
catalysts is barely 25 years old. Since the broad character of these reactions 
and their general simplicity was first established, many papers have been 
published, to a large extent without reference to and apparently without 
knowledge of the earlier work, which have done much to obscure the subject. 

Without going into detail, it can be concisely stated that the factors con- 
trolling the rate of enzyme action! are:— 


1. The amount of the catalytic agent. 

2. The concentration of the substrate upon which it acts. 

3. The presence of substances which reduce the effective surface of the 
catalyst. 

4. The influence of the products of change as depressants of a similar 
nature. 

5. The acidity or hydrogen-ion concentration of the medium in which the 
amphoteric enzymes act. 

6. Dehydrating agents affecting the inhibition and water relations of 
the catalyst. ‘ 


It has been shown that the shape of the time curve expressing the hy- 
drolysis of cane-sugar by invertase is ideally linear,? and that alterations in 
the rate of change leading to less simple relationships (frequently of a “log- 
arithmic”’ character) are associated with subsidiary effects involving change 
in the effective activity of the enzyme. Association of one or more of the 
products of change with the enzyme is a common occurrence affecting the 
rate of action. 

The amount of enzyme and substrate in combination at any one moment 
has been defined as the active mass. This conception has enabled a simple 
explanation of the time/change curves of enzyme activity to be given, in- 
cluding both the initial linear period, the subsequent logarithmic period and 
the final stages in which the rate of change is still slower. It cannot be too 
strongly emphasised that all more complicated mathematical equations to 
express the velocity constant throughout an enzyme change are unnecessary 
and fallacious. 
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The general features of the rate of change have led to the view that enzyme 
action takes place entirely at the surfaces of colloid particles suspended in 
the solution of the substrate and not between substances which are all in true 
solution. 

Before discussing further the progress of a typical enzyme action and the 
susceptibility of the enzymic catalyst to alteration in activity by reason of 
the causes enumerated above, we may pass on to consider the evidence at 
present available as to the actual nature of enzymes. The statement that 
these act in the form of colloidal particles recalls the converse attitude taken 
by Bredig,’ who termed the dispersions or sols which he prepared from plati- 
num and similar metals “inorganic ferments,’’ on account of their similar 
behaviour to the ‘‘catalase” group of enzymes in effecting chemical actions 
such as the decomposition of hydrogen peroxide. The resemblances between 
a metallic sol and an enzyme are, however, of a somewhat superficial nature. 
Apart from the great complexity of chemical structure and the marked 
specificity in action which are the outstanding marks of the natural enzymes, 
the rate of action of Bredig’s colloidal platinum is not of the same order as 
those of most of the usual preparations of enzymes, and falls far short of 
those of the relatively concentrated enzyme fractions prepared by Willstatter 
and his colleagues during their well-known recent investigations. 

Since the most highly active fractions obtained are stated by these 
workers to have been still far from 100 per cent. enzyme, it follows that the 
metallic sols cannot be compared in any quantitative degree with the enzymes. 
Yet, from a qualitative point of view, the two classes of catalysts, are 
similar not only in certain aspects of chemical behaviour but also with refer- 
ence to their temperature relationships. Ernst* showed that colloidal plati- 
num sols are closely parallel to the enzymes in this respect, possessing a com- 
paratively low optimum temperature of more or less sustained activity, 
whilst showing greater initial, but more fugitive, activity at temperatures 
above the optimum; until a point is reached at which the catalytic power is 
suppressed completely. These phenomena are to be connected in both cases 
with changes effected by temperature in the colloidal surfaces, which are 
ultimately “coagulated” or altered so that the power of catalysing chemical 
actions disappears. 

Whilst we may suppose, therefore, that so far as physical condition goes 
the erzymes are comparable most closely to metallic sols in the realm of 
inorganic catalysts, it is well to bear in mind that other analogies subsist 
between them and the more closely studied class of solid surface catalysts, 
notably the metals and metallic oxides. 

In the first place, the similarity in regard to temperature effects is still 
present, the outstanding differences being the generally wider range of 
temperature over which the activity of a solid contact agent is exhibited and 
the fact that the working range of temperature of the latter is usually much 

‘higher than in the case of the natural enzymes. Finely-divided nickel, for 
instance, commences to show catalytic power below 100°C., its optimum 
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range in hydrogenation is usually about 140-180°C., and above about 350°C. 
its activity (in the absence, of course, of special ‘‘supports’’) is soon suppressed. 

Further, the so-called ‘promoter’ or stimulant action of many substances 
on solid contact agents, and more especially the behaviour of mixed catalysts, 
are matters which it is interesting to note for comparison with the behaviour 
of enzymes. Readers of these reports will be well aware that the precise 
mechanism of catalyst stimulants and mixed catalysts is as yet far from 
perfectly understood. Willstitter, in his Faraday Memorial Lecture,* refers 
to the possibility that a mixture of two components, whether by deformation 
of electron orbits or alteration of “affinity fields,”’may result in a new catalyst 
having an ‘“‘enzyme-like specificity and potency comparable with that of 
homogeneous compounds,” and proceeds to a possible analogy between such 
mixed catalysts and many enzyme systems which are known to be composed 
of more than one enzyme and to act differently from any one of the individual 
enzymes present. 

It is well to remember, however, in this connection that there are two 
well-defined classes of mixed solid contact agents; in one case, an added com- 
ponent serves to increase the activity or potency of the original catalyst for 
effecting one and the same chemical change, whilst in another category we 
find a mixture of catalysts* which may induce a decomposition which either 
component alone fails to bring about (the action of ‘‘Hopcalite’® in the 
oxidation of carbon monoxide at low temperatures is a good example of this 
class). The first-mentioned type, in which the specific activity of the original 
catalyst is merely accentuated by the presence of the added material, is much 
the more common, and there is considerable evidence (for example, the stimu- 
lating action of alumina or magnesia on nickel in hydrogenation)’ for the 
view that here the cause of the enhanced activity lies in something akin to 
more profound subdivision (i.e., greater effective surface) of the actual 
catalyst particles. 

Again, the enzymes are well-known to be essentially specific in their 
action, a fact which indicates some close connection in molecular structure 
between them and the substrate on which they act. There is some little 
danger that the stress laid on the specificity of enzymes may be misleading 
if it is not carefully defined. Enzymes differ widely in the specific nature of 
their action. Some of the varieties of lipase, for example, are capable of 
hydrolysing a comparatively wide range of compounds belonging to the class 
of esters, and in particular they appear to act more or less indiscriminately 
on the fats irrespective of the particular nature of the fatty acids present. 
On the other hand, maltase, emulsin and most of the proteoclastic enzymes 
are far more specific, since most frequently they are only able to effect 
change in compounds of very definite stereochemical configuration, and it is 
in this respect that they are most differentiated from the solid contact agents. 


* Professor Frazer of the Johns Hopkins University reports that he has succeeded in 
purifying certain of the oxide catalysts to such a degree that they are quite as active as, if 
not more active than, the mixture of oxide catalysts known as Hopcalite. 
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Equally, it must be borne in mind that inorganic (non-enzymic) catalysts 
are also highly specific in that the course of the action depends on the catalyst 
employed; enzymes share this property, but also, in many cases, possess the 
additional property of only being active with respect to certain members of a 
given class of compounds whose configuration, it may therefore be assumed, 
is compatible with that of the enzyme. 

In the case of certain enzymes, substances which have similar structure 
to the substrate act to retard change though they cannot be hydrolysed by 
the enzyme—for example, the hydrolysis of the sugar maltose and of a-glu- 
cosides by the enzyme maltase of yeast is retarded in presence of glucose or 
of a-glucosides.® This is in itself further proof that some form of combination 
of a chemical rather than a physical nature takes place between enzyme and 
substrate prior to hydrolysis. This corresponds with the addition-compound 
theory of catalysis which has found acceptance in connection with the action 
of nickel and other metallic catalysts. 

To avoid any confusion of thought as to the specificity which character- 
ises solid contact agents, attention may be drawn to a few very obvious 
cases. Probably the most useful example is the old one of the varying results 
obtained when alcohol vapour is exposed to the action, on the one hand, 
of nickel, copper or a similar metal, and, on the other, of oxides such as 
alumina or theoria.? The two groups of catalysts exert specific influences 
respectively of dehydrogenation or dehydration. Furthermore, Sabatier’s 
classical work on the catalytic behaviour of a whole range of metallic 
oxides” will be recalled, wherein the specific action produced varies, according 
to the particular oxide, over the range exclusive dehydration—mixed de- 
hydration and dehydrogenation—exclusive dehydrogenation. 

Another familiar instance is the varying action on a mixture of carbon 
monoxide and hydrogen of different catalytic compounds: nickel, palladium, 
or platinum cause the production of methane! (with carbon dioxide under 
certain conditions), zinc oxide or mixed zinc-chromium oxides” yield methyl 
alcohol almost exclusively, and iron in presence of alkaline oxides" furnishes a 
mixture of hydrocarbons, alcohols and other products. 

It is possible to point to other actions of solid catalysts which, although 
not comparable with the stereochemical selectivity of the enzymes, are of a 
still more specific nature than those just cited, For example, hydrogenation 
of an isolated ethylenic linkage in a normal aliphatic chain (as in oleic acid) 
is accompanied by the production of some of the geometrically-isomeric form 
of the original ethylenic derivative, together with that of isomeric compounds 
containing the ethenoid or double bond in positions adjacent to that origi- 
nally occupied; and it is reported that palladium (and, possibly, copper) 
yields higher proportions of the isomeric forms than does nickel when em- 
ployed as catalyst. The studies of Adkins and his co-workers on the dif- 
ferent types of catalytic change induced by alumina prepared in different 
_ ways is another instance of pronounced selectivity in the action of an inor- 
ganic catalyst. Again, Willstitter’’ has stated that hydrogenation of naph- 
thalene in presence of platinum yields exclusively cis-decahydronaphthalene, 
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whilst with nickel the chief product is the trans-compound; and similar re- 
sults have been reported in connection with the methylcyclohexanols and 
menthols produced in the hydrogenation of cresols and thymol. Most 
striking of all, perhaps, is the phenomenon of selective hydrogenation,” 
whereby, in some cases, one of a number of ethylenic linkages is hydro- 
genated preferentially, to the almost complete exclusion of the rest; or, in 
other cases, hydrogenation of, for example, a diolefinic compound proceeds 
in such a way that mono-olefinic derivatives are formed before any notable 
amount of saturated substance appears, although either of the original double 
bonds may be and are attacked (leading to a mixture of mono-ethylenic 
isomerides). The work of S. Lebedev’ and his colleagues has shown especially 
well the conditions which determine selective action of this kind in some cases; 
and stress has been laid by these investigators upon the great influence on the 
course taken by the hydrogenation of the presence of substituent alkyl groups. 

The examples quoted of variation in the proportion of geometrical iso- 
merides formed during hydrogenation and of the influence of substituent 
alkyl groups (i.e., branched-chain configuration) on the course of selective 
hydrogenation will be admitted to approach somewhat towards the still 
more delicate stereochemical relationships which are apparent between 
some enzymic catalysts and their substrates. 

Consequently, when Willstitter, in his Faraday Memorial Lecture which 
has already been mentioned, says ‘‘there appears to be a deep gulf between 
the inorganic catalysts and the enzymes” (adding the further statement “In 
reality this gulf has already been bridged by accurately-defined organic com- 
pounds which act like enzymes’’), it would appear that something less than 
justice is done to the analogies already existing between the two classes of 
catalyst. From a general standpoint, almost all the chemical transforma- 
tions effected by enzymes are capable of being paralleled, in greater or smaller 
measure, by analogous transformations which are realised by one or other of 
the inorganic catalysts. 

We can go somewhat further than this, however, if we consider the few 
cases of “accurately-defined organic compounds” which have been investi- 
gated from the point of view of catalytic action. In the first place, Will- 
statter has demonstrated that some of the natural complex products of or 
interveners in vegetable and animal metabolism possess catalytic properties 
somewhat similar to enzymes, although they are by no means enzymes in the 
usual sense of the term. Chlorophyll, according to Willstitter and Stoll.” 
may build up carbohydrates from carbon dioxide by rearrangement of the 
latter (under the influence of radiation) in the form of the labile chlorophyll- 
carbon dioxide complex. Willstiétter and Pollinger® have found that oxy- 
haemoglobins from different animal species behave like feeble peroxydase, 
and vary in activity according to their source. Kuhn and Brann?! have es- 
tablished further that, when haemoglobin is resolved into its components, 
the resultant haemin has no peroxydase properties, but shows distinct cata- 
lase activity. This is almost direct evidence that the specific action of or- 
ganic-compound catalysts depends on the chemical constitution of the latter. 
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Another line of argument may be based on the well-known synthetic 
agents for the hydrolysis of fats which were developed originally by Twitch- 
ell,” who condensed benzene or naphthalene with oleic acid by means of 
sulphuric acid and obtained a product containing one or more free sulphonic 
acid groups united to the oleic acid by means of the aromatic nucleus. Many 
variants of the original agent have been proposed, and latterly sulphonated 
petroleum hydrocarbons of certain types have been suggested. All these 
contact agents have in common the presence of a strongly hydrophilic sul- 
phonic acid group united with a hydrocarbon or fatty acid residue of high 
molecular weight. Consequently they may be supposed to exert marked 
affinity both for fats, fatty acids and water, whilst the actual hydrolysis is 
conditioned by the presence of the highly active sulphonic acid radical 
present in the complex. The Twitchell agent is, in fact, probably the nearest 
synthetic approach which has been made to the production of an artificial 
compound with properties and structure resembling in essentials those of a 
natural enzyme. 

Summing up all these analogies and inferences, it seems that there is good 
ground to come to the following conclusions :— 

1. The enzymes exert hydrolytic action in virtue of the presence of 
definite chemical groupings adapted to form intermediate complexes with the 
substrate and water or other interactant. 

2. They owe their specific powers (especially those connected with 
stereo-isomeric conditions) in all probability to their own asymmetric con- 
figuration as natural synthetic products. 

3. Many general analogies can be traced between the recognized be- 
haviour of inorganic contact agents (especially those operating on liquid 
media) and that of enzymes. 

4. From a physical point of view, they are most nearly similar in general 
properties to the dispersed sol forms of inorganic catalysts; but the existing 
evidence goes to show fairly conclusively that their superior activity and 
delicacy of action cannot be accounted for simply by differences in the 
degree of dispersion. 

All this of course is only one side of the possible nature of an enzyme. 
We have still to consider their formation in the cell and the development 
of their catalytic powers, together with other phenomena characteristic of 
enzymes. Amongst the latter, the influences exerted by “eo-enzymes” and 
“anti-enzymes” are respectively analogous to the inorganic catalyst pro- 
moters and poisons. Substances toxic to either group of catalysts probably 
act in a similar manner, the primary cause being in both cases selective 
adsorption of the toxic compound by the catalyst with resulting exclusion 
of most or all of the material to be acted upon from the catalytically active 
centres. With enzymes, however, it usually happens that some of the 
products of change are themselves prone to enter into association or be 
strongly adsorbed by the enzyme, and consequently the apparent activity 
‘of the latter frequently declines as the products of change accumulate in the 
system. This state of affairs has rarely been encountered so far in the case 
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of most actions at the surface of solid contact agents, but it has been met 
with in several common instances of homogeneous catalysis: for example, 
in some cases of chlorinations of liquid organic compounds in presence of 
“carriers,” and in the Friedel-Crafts synthesis wherein, as shown by Steele,” 
the aluminium chloride forms more or less definite complexes with the 
original hydrocarbon, the organic halide, and the hydrocarbon produced 
in the interaction. 

The part played by “‘co-enzymes” is not quite so closely parallel to the 
ordinary case of promoter action in inorganic catalysts. It is, indeed, by 
no means agreed as to what the precise function of a “‘co-enzyme” is, but the 
main distinction between this type of substance and a catalyst promoter is 
that, whilst the latter is an aid to the development of more potency, the 
‘“eo-enzymes”’ are indispensable for the progress of many enzyme actions. 
The mechanism by which co-enzymes act is little understood at present. The 
presence of a suitable electrolyte in appropriate concentration seems to be the 
chief factor in some cases, but in others the mere presence of a simple salt 
is not sufficient; thus zymase is not restored to activity by the simple pres- 
ence of a phosphate solution, although phosphates are necessary. There is 
reason to suppose, with Harden, that the real co-enzyme is in this case a 
hexose-phosphoric-acid ester. It:is further possible that, in some cases, the 
““eo-enzyme”’ is a substance which activates or releases the enzyme itself from 
a still more complex pre-existent compound in the cell. 

As is well-known, the activity of enzymes is peculiarly susceptible to the 
acidity or hydrogen-ion concentration of the medium in which they act. This 
is one of the most prominent distinctions between enzymes and inorganic 
catalysts, but it may be remarked that, even in this respect, analogies are 
not lacking between the two classes. The action of nickel as a hydrogenating 
catalyst, for example, has been shown to be greatly influenced by the general 
reaction of the compound hydrogenated; this is shown most clearly, perhaps, 
in the increased ease of hydrogenation of phenols in presence of a small, 
optimum concentration of sodium carbonate, and again, whilst it is generally 
recognised that nickel hydrogenates acidic compounds with relative diffi- 
culty, it is also probable that basic compounds are less susceptible than neutral 
compounds to hydrogenation in presence of nickel. At all events, there is 
some reason to believe that ammonia acts as a catalyst poison towards nickel, 
and basic ring-systems such as pyridine, pyrrol or quinoline are notoriously 
difficult to hydrogenate by comparison with benzene or naphthalene. An- 
other example of acidity controlling rate of action is due to the recent 
work of Conant and Brammann,”> who have observed variations of a million- 
fold in the rate of acetylation of naphthol by acetic anhydride as a result of 
varying the acetic acidity of the reaction medium. 

The exact bearing of the optimum hydrogen-ion concentration on the 
activity of an enzyme has yet to be understood. Nearly all enzymes are 
very sensitive to slight changes in the acidity or alkalinity of the solution 
and are most active only at a definite hydrogen-ion concentration; the most 
effective value of the latter varies according to the enzyme, the usual range 
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being from media slightly more acid to media slightly more alkaline than pure 
water. Enzymes are, as a rule, of an amphoteric nature and doubtless this 
has considerable relation to their activity over only a limited range of acidity 
and their maximum activity at a definite hydrogen-ion concentration. As 
colloids they are susceptible to heat and their structure is impaired or de- 
stroyed at moderate temperatures. 


The work of Willstitter and his school on the attempted isolation of vari- 
ous enzymes has afforded definite results of an important character, but no 
enzyme has so far been produced in a condition approaching purity. The 
work has been notable for the degree of utility manifested in successive 
processes of adsorption and elution carried out with carefully selected agents. 
It has been proved practicable in this way to separate enzymes from col- 
loidal substances not closely related to them, though beyond this, except by 
very special procedure, it has not been found possible to go. The ramifica- 
tions of this research demand that the original papers” should be studied by 
those interested in the details of the procedure. Here it must suffice to cite 
the separation of the enzymes of pancreas as an instance. If the mixture is 
treated with the stable gel form of aluminium hydroxide (‘‘y-alumina”’), 
lipase present is adsorbed and can be removed by elution of the alumina with 
a solution of feebly alkaline phosphate; amylase and trypsin remain, and the 
latter is selectively adsorbed by kaolin. 

In the same way, it has been shown that invertase can be almost com- 
pletely freed from carbohydrates, proteins and phosphorus compounds, with 
an accompanying increase in activity of the order of over three thousandfold. 
Proteins are also believed to form no essential part of the lipoclastic enzymes 
and the peroxydases. 

An especially interesting case is that of the vegetable peroxydases, which 
in the hands of Willstitter and Stoll?’ yielded a concentrate containing a good 
deal of carbohydrate (sugars) and a definite iron content of about 0.5%. Fur- 
ther purification by selective adsorption led to a still more active preparation 
of the enzyme, but the sugar constituents disappeared in the process and the 
iron content diminished to 0.06%. Thus, whilst it appears certain that the 
carbohydrates present were merely accompaniments to the enzyme itself, 
it is also doubtful how far the presence of combined iron is necessary. The 
interesting observation was made that, in the highest stages of concentration 
reached, the active material assumed a reddish-brown colour reminiscent of 
that of the porphyrins. 

Keilin?® has recently published a very important contribution on the 
respiratory processes of cells of aerobic organisms, vegetable and animal, 
and has given definite proof that the material responsible for at least one 
portion of the complicated respiratory mechanism of the cell is a widely 
distributed respiratory pigment, cytochrome, which is composed of three 
haematin compounds (a’, b’ and c’) and an unbound heamatin compound 
similar to the protohaematin of haemoglobin. These haematin compounds 
are responsible for the thermostable peroxydase action, which is shown by 
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the oxidation of various chromogens, such as benzidine, guaiacum, and 
p-phenylenediamine, in presence of hydrogen peroxide. Keilin’s work seems 
to be conclusive evidence at last of the general nature of the peroxydase class 
of “‘enzymes,” and indicates that ‘peroxydases” are identical with certain 
types of the complex organic compounds known as haematins—these “en- 
zymes’’ at least may now be claimed to be complex carbon-compound cata- 
lysts. Whether the hydrolytic and other classes of enzymes will in course of 
time be proved to be equally definite entities remains to be seen. Quite 
possibly a difference may be revealed in that, whilst a specific haematin 
(peroxydase) may be capable of promoting oxidation processes with reference 
to a comparatively wide variety of compounds, a process such as hydrolysis 
of a particular compound may demand the presence not merely of a suitable 
hydrolytic mechanism but of such a mechanism so arranged in conjunction 
with the rest of a complex molecular system as to satisfy configurational or 
other intramolecular requirements. 

Not the least interesting part of recent biological work is the differentia- 
tion made between certain features which are shown to be characteristic of 
the enzyme itself and other very characteristic features of enzyme action which 
are equally shown to be due to the influence of other compounds present with 
the enzyme. Thus the lipase of the human pancreas is most active in an 
alkaline medium, whilst that of human gastric juice is most active under 
feebly acidic conditions (pH 5-6); when the latter is submitted to the ad- 
sorbent action of kaolin, however, some compound (or compounds) is removed 
and the reaction of the enzyme is transferred to an optimum on the alkaline 
side at pH 8.2 The optimum hydrogen-ion concentration for a given en- 
zyme would thus seem to be dependent, not on the ultimate enzyme alone, 
but on the accompanying components of the complex mixture or system 
on which the term natural enzyme is at present conferred. 


On the other hand, the specificity of any enzyme has so far been found 
to remain unchanged throughout any concentration process which has been 
applied and in spite of exceedingly great increases in the relative activity of 
the purified enzyme and the original material. This holds for examples of 
selective stereochemical action in the cases of invertase, maltase, etc. and of 
certain animal lipases which hydrolyse the d- and I- forms of certain optically- 
active esters at unequal rates;*° and it may therefore be inferred, from the 
present experimental evidence, that the selective chemical and configurational 
action of enzymes is an essential property of the catalyst itself. 

Another development has suggested that some enzymes (e.g., trypsin) 
only exhibit their full activity when released or stimulated by a specific type 
of complex associated with them (e.g., the kinases). Kinases were formerly 
supposed by Bayliss and Starling** to be themselves enzymes which in the 
first place converted an inactive complex “‘trypsinogen” into the enzyme 
trypsin; according to Willstatter,®? trypsinogen is itself an enzyme of relatively 
feeble activity which, when associated with an activator or ‘‘co-enzyme” of 
the kinase group develops much greater potency. This explanation is based 
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on adsorption experiments whereby, employing casein precipitated in situ 
as adsorbent, the kinases can be removed, leaving all the trypsin in solution. 
It is perhaps permissible to attempt to sum up the evidence presented by 
the data discussed in the preceding pages in the form of a hypothetical sug- 
gestion of what may be the essential parts of a natural enzyme per se:— 


1. The physical form of the enzyme is that of a dispersed colloidal sol, 
the colloid molecule probably being of great complexity. 

2. As regards the chemical nature of the enzyme molecule itself, it is 
evident that neither protein, carbohydrate, organic phosphorus nor iron 
compounds, etc., is necessarily an integral component. Yet it must be 
concluded that the whole of the molecular complex is unlikely to be involved 
in the enzymic changes effected in the appropriate substrates, and thus we 
are reduced to a somewhat vague picture of a large molecule of undefined 
composition which, however, contains certain groupings of highly specific 
character and, usually, configuration, which are able to enter into association 
with specific substrates. 

3. At the same time, however, the whole molecule is peculiarly liable to 
form associated complexes with other large molecular species, and it should 
be further observed that the presumed reactive groupings must be, if not 
actually involved in these associations, considerably influenced thereby. 
For, not only the rate of action, but also the optimum character of the reaction 
medium, is largely affected by these apparently extraneous complications: 
only the specific nature of the chemical change effected by the enzyme itself 
appears to persist unaltered whatever the varying environment, so to speak, 
of the latter may be. 

4. The question of enzyme stimulation or ‘‘co-enzyme” activity appears 
to be closely connected with the combinations with other colloidal mole- 
cules to which enzymes appear to be prone. Some instances of the “release” 
of an enzyme in the cell in the active state seem to be explicable on the theory 
of intervention or stimulation by association with a co-enzyme; in others this 
possibility does not seem entirely clear. 

s. It appears on the whole that the catalytic properties of an enzyme 
are at present best interpreted by regarding it as an instance of a catalyst 
which, for practical purposes, is in a labile or dynamic condition. We do not 
mean by this that the essential catalyst, the enzyme per se, is continually 
made and destroyed or re-made. It is suggested, on the contrary, that the 
enzyme itself may well be synthesised once for all in the cell, but that, by 
its capacity for association or interaction with other products of the cell 
(whether enzyme stimulants or retarders, or comparatively inert), its activity 
is peculiarly liable to a variety of delicately-adjusted conditions and is very 
largely controlled by its environment at any given time. 


The properties revealed by the foregoing survey of the present evidence 
are typical of provision in nature of means whereby a close control over 
chemical reactions is exercised. The very great activity of enzymes as com- 
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pared, for example, with mineral acids hardly requires emphasis. The enor- 
mous activity of some of Willstitter’s partially concentrated enzymes makes 
possible some idea of that of a pure enzyme, freed or “released” from any 
of the accompanying complexes of similar chemical character but catalytically 
inert. The close combination of enzyme and related substrate in a large col- 
loidal complex must set up conditions where a minimum amount of energy 
is required to bring about change. 

In life the enzyme is not normally in a free state—it is only liberated as 
required. Either the water equilibrium of the cell is such that no simple 
water molecules are available to complete the hydrolytic circuit so that before 
action begins dilution must take place. This can be effected by the entry 
into the cell of a stimulant or hormone such as is controlled by the nervous 
system. Alternatively, the enzyme itself is not in the free state and must 
first be liberated from a complex colloid by another enzyme. A third possi- 
bility is the need of a co-enzyme, as for example the cozymase of cell-free 
alcoholic fermentation. 

Thus far we have mainly focussed our attention on the nature of the 
enzymic catalyst and, to some extent, the general mechanism of its action. 
It remains to direct the notice, particularly of organic chemists, to the 
chemical changes involved in the course of synthesis and decompositions in 
the living cell. The lacunae in our chemical knowledge here are colossal. In- 
vestigations into such matters are admittedly most difficult; but the possi- 
bilities are extraordinarily inviting, and work such as that of Neuberg®* and 
others on the alcoholic fermentation of glucose and fructose indicates that 
the problems set are not by any means completely insoluble. 

Practically the only actions of enzyme chemistry which have been in- 
tensively studied are cases of simple hydrolysis or (conversely) withdrawal 
of the elements of water. The chemical changes whereby chains of carbon 
atoms are assembled or disrupted in nature have not yet been studied from 
the standpoint of organic chemistry, if we except the instances of possible 
stages whereby carbohydrates are built up from a formaldehyde complex, 
and the work, just mentioned, on the degradation of hexoses into alcohol, 
carbon dioxide, ete., by fermentation (together with recent related work by 
Langwell and others** which elucidates to some extent the possible transitions 
which take place when cellulose or sugars are submitted to the action of 
certain bacteria). 

The manner in which sugars, and perhaps other materials, are built up 
into fatty acids, and the latter assembled into glycerides (neutral fats) of 
specific constitution; the evolution of the numerous types of protein-matter; 
the disruption or further transformation of the three main classes of natural 
organic compounds—carbohydrates, fats, proteins; the production of ter- 
pene (or isoprene) derivatives—all these await interpretation in terms of 
organic chemistry. All that is available at present in many cases is a facile 
“paper” explanation wherein methyl (or other alkyl) groups, hydroxy] radi- 
cals, ete., are lopped off at will, unsaturated centres are similarly transposed, 
eliminated or introduced, and, in general, a scheme of things is envisaged by 
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the biochemist which, if it were realisable in the laboratory or the factory, 
would open up joyous vistas to the technical synthetic organic chemist. 

Definite information is bad'y needed on this side of enzyme chemistry. As 
already stated, the work is most difficult; the more so, since intermediate 
stages of the chemical changes in progress will doubtless often involve the 
production of organic compounds in unusually labile or unfamiliar forms. Thus 
the pyruvic acid, methylglyoxal, acetaldehyde and even formaldehyde of 
the laboratory are undoubtedly not identical, as regard physical and chemical 
properties, with the corresponding compounds which are transitorily pro- 
duced during the low-energy transformations proceeding in a comparatively 
dilute aqueous medium in the living cell. 

Doubtless this is getting rather remote from the direct problems of 
contact catalysis, yet it has a very definite bearing on the possibility of ex- 
tending the use of enzymes in industrial processes. Two general methods 
are discernible in the latter connection. 

The older one, which is obviously capable of much wider extension, is to 
select a culture of an organism which produces enzymes capable of inducing 
definite, and sometimes unusual, chemical actions, leading to the production 
of useful material. This procedure, long applied to the manufacture of 
vinegar, lactic, butyric and to some extent citric acids, is receiving fresh 
attention in the latter case and has of course made striking contributions 
to industrial chemistry in latter years in the lipase process for hydrolysis 
of fats** and, especially, in the modern method of manufacture of butyl 
alcohol and acetone.** It is, in effect, the production of new, or rather hitherto 
unnoticed, enzymes by the cultivation of special varieties of microflora, and, 
consequently, falls more within the province of the bacteriologist than the 
chemist. 

The alternative method is to acquire sufficient knowledge of the chemical 
course taken by an enzyme process and to endeavour to modify its progress 
by carrying it out in the presence of added chemicals. Two familiar instances 
will exemplify this method of attack:— 


1. The presence of sulphite or of a mild alkali during yeast fermentation 
of glucose or fructose causes the acetaldehyde (or acetaldehyde complex) 
transitorily produced to be respectively fixed as bisulphite compound or 
“dismuted” into alcohol and acetic acid (or polymerized); consequently the 
elements of hydrogen which would have transformed acetaldehyde into alco- 
hol are utilised otherwise, and glycerol results—a process which has been, 
and very probably will again be, used on the large scale for the manufacture 
of glycerine.” 

2. The chemical course of the butyl alcohol-acetone fermentation has 
been studied and grounds for believing that butyric acid and acetic acid were 
intermediary products were obtained. It has further been shown that, within 
limits, butyl alcohol, acetone and some other alcohols or ketones can be bio- 
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chemically produced by adding to a fermenting mash (undergoing the Granulo- 
bacter fermentation) butyric, acetic or other appropriate acid, of course in such 
quantities that the acidity of the mash does not exceed a prescribed limit at 


any given time.*® 

Evidently there are possibilities of considerable progress along these 
lines, and such progress will be the more rapid as the chemical course of 
enzyme actions receives increasing attention from organic chemists. 

We do not go so far as to suggest that in all cases an enzyme process will 
readily compete with the more usual forms. The great advantage of low heat 
consumption in the actual process may be offset sometimes by the difficulty 
of maintaining an appropriate organism in existence, or by the dilution at 
which a particular process must necessarily be carried out, leading to excessive 
fuel charges in recovery of the products. Several instances in the past few 
years nevertheless give encouragement to the view that enzyme chemistry 
is only at the commencement of its technical utilisation. 

The aspect of catalysis selected for this report has led to a somewhat 
more general and diffuse treatment than that given by our predecessors. We 
make no apology for this, however, but rather claim that we have endeavy- 
oured to give as careful a statement as the facts warrant of a somewhat 
elusive subject, expressed in the simplest possible language. If we have inter- 
ested any workers on catalysis in the importance and potentialities of enzyme 
chemistry, considered primarily from the point of view of catalytic action, 
and if this report attracts fresh investigators to this field of contact catalysis, 
we shall have attained our end. 
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